Simultaneous MERLIN observations of the OH 1665-and 1667-MHz maser lines in the circumstellar envelope of the semiregular star W Hya have been taken in all Stokes parameters. The 1665-MHz emission comes from two elongated clusters located 80 au from the star. The 1667-MHz emission arises in an incomplete shell of radius 130 au, with the blueshifted features located in the northern part of the envelope and the redshifted components clustered south of the centre. The circularly polarized maser components exhibit spatial separation along the north-south direction. The linearly polarized components were found from the near side of the envelope. Their polarization position angles indicate that the projected axis of the magnetic field at PAӍ ¹ 20Њ is consistent with spatial segregation of circular polarization. The intensity of the magnetic field, estimated from a tentative measurement of Zeeman splitting, is about 0.6 mG at the location of the 1667-MHz emission, with the field pointing away from the observer. A small change of position angles of linear polarization observed in both maser lines is interpreted as a weak Faraday effect in the maser regions with an electron density of about 2 cm ¹3 . The overall polarization structure of the envelope suggests an ellipsoidal or weak bipolar geometry. In such a configuration, the circumstellar magnetic field may exert a nonnegligible influence on mass loss. The velocity field in the circumstellar envelope recovered from observations of SiO, H 2 O, OH and CO lines at five radial distances reveals a logarithmic velocity gradient of 0.25 and 0.21 in the 1665-and 1667-MHz maser regions respectively. The acceleration within tens of stellar radii cannot be explained by the classical model of radiation pressure on dust.
I N T R O D U C T I O N
The OH main-line maser emission at 1665 and 1667 MHz from circumstellar envelopes of evolved stars is generally polarized. Circular polarization can exceed 50 per cent in some Mira-type variables and in several of them Zeeman groups have tentatively been identified (Claussen & Fix 1982) . Zeeman splitting allows a direct measurement of the magnetic field strength. However, owing to spatial blending of maser emission, the reliability of single-dish spectra for accurate estimation of the field strength can be limited and high-resolution imaging techniques should be used to overcome this effect. Furthermore, the spatial distribution of polarized emission can be an important clue towards determining the largescale structure of circumstellar magnetic fields. Cohen et al. (1987) found several features with an appreciable degree of circular polarization in the 1612-MHz OH spectra of supergiant sources, taken with a resolution of 0.06 km s ¹1 . The 1612-MHz spectra of OH/IR objects, obtained with a similar spectral resolution, show considerably less polarization (Zell & Fix 1991) . Significant circular polarization implies magnetic fields of about 1 mG in the outer parts of supergiant envelopes (Cohen et al. 1987) . This finding seems to be confirmed in the case of VX Sgr, where several likely Zeeman pairs were found (Szymczak & Cohen 1997; Trigilio, Umana & Cohen 1998) . Moreover, high-angularresolution observations of the 1612-MHz line from VX Sgr in both right-and left-hand circular polarization revealed a spatial segregation between oppositely polarized emitting regions (Zell & Fix 1996; Szymczak & Cohen 1997) . Circumstellar magnetic field is likely to be an important factor in determining the dominance of one or other hand of polarization in a maser at a particular position and velocity. If the gradients of the magnetic field and the velocity are appropriately matched this can produce circularly polarized emission (Cook 1966) . Deguchi & Watson (1986) proposed that suitable velocity gradients alone cause the overlap of different Zeeman components producing polarized emission. For a saturated maser the circular polarization can arise because of an intensity-dependent mechanism (Nedoluha & Watson 1994) . The OH main-line masers, arising in the inner circumstellar regions, may provide a valuable probe of the magnetic fields. Here, we present MERLIN observations of the OH main lines in W Hya with full polarization information. These measurements may provide constraints on the above maser polarization models. Our primary purpose is to explore the structure of circularly and linearly polarized emission. The target star W Hya is an M7.5 giant with a pulsation period of 361 days, classified as semiregular of SRa type (Kholopov et al. 1987 ). This object loses mass at rate of 1 × 10 ¹7 M ᭪ yr ¹1 and belongs to a small group of OH semiregulars in the solar neighbourhood. All OH semiregular variables are type I sources, with dominant main-line emission . As in other OH semiregular variables, the OH main-line emission from W Hya shows strong circular polarization. Chapman et al. (1994) published MERLIN maps of OH masers in W Hya obtained near minimum light in 1984. Owing to relatively weak emission and moderate sensitivity only limited information was gathered on the shell structure. Since that time, the spectrum of the source has changed in shape and intensity. The observations taken with the new MERLIN, with higher sensitivity and baselines up to twice as long as in 1984, allow us to study in detail the OH geometry in both maser lines and to determine the basic shell parameters.
O B S E RVAT I O N S
The observations of the OH main-line maser emission were taken on 1996 January 15 using the eight telescopes of the MERLIN array in a spectral-line mode. The longest baseline of 217 km provides a minimum fringe spacing of 0.17 arcsec. The bandwidth of 250 kHz was divided into 128 frequency channels providing a velocity coverage of 44.9 km s ¹1 and a channel separation of 0.35 km s ¹1 . The MERLIN correlator was configured to provide the four crosspower products from the right-and left-hand circularly polarized (RHC, LHC) signals for each pair of telescopes, so that all four Stokes parameters were measured.
Observations of W Hya at 1665 and 1667 MHz were alternated at 5 min intervals for 4 hr. The point continuum source 1345+125 was observed, for 20 min in each line at three hour angles, in order to correct for instrumental polarization and provide initial phase corrections for W Hya. The flux density of 1345+125 was estimated to be 5.80 Jy. The amplitude variations across the bandpass were determined from observations of 3C 84. The flux density of 3C 84 at this epoch was found to be 24.72 Jy by comparing it with 3C 286. The calibration of the position angle of linearly polarized emission was accomplished by observations of 3C 286. In the course of data calibration the effects of ionospheric Faraday rotation and instrumental feed contamination were removed. For the 1665-and 1667-MHz maser lines the channels with strong emission at the local standard of rest (LSR) velocities of 36.2 and 33.9 km s ¹1 respectively were selected as reference channels. Mapping of the strongest features showed that the position differences between the RHC and LHC polarizations were less than 0.02 arcsec. The absolute position of the reference feature at both maser frequencies was að1950Þ ¼ 13 h 46 m 12 : s 038, dð1950Þ ¼ ¹28Њ07 0 09Љ : 35. Owing to the large distance from the phase reference source 1345+125 the absolute position uncertainty could be several beamwidths, or over 1 arcsec, but comparison with the Hipparcos position suggests our results are accurate to within 0.5 arcsec (see Section 3.2). The relative positional accuracy within the maps is determined by the beamsize and the signal-to-noise ratio, and is typically a few hundredths of an arcsec.
To remove small phase and amplitude errors, a few cycles of selfcalibration were performed for the reference channel at each frequency. After applying the phase and amplitude solutions of the reference channels to the other spectral channels, the source was imaged in each frequency with the AIPS task MX. The data were naturally weighted and the cell size used was 45 mas. Map cubes of I; Q; U and V Stokes parameters were made and CLEANed with 1000 cycles per channel using a 0.4-arcsec circular Gaussian restoring beam. The rms noise level in the emission-free Stokes parameter I maps was about 17 mJy beam ¹1 . The task JMFIT was used to measure the relative positions of maser spots with a typical accuracy of 0.05 arcsec. A table with velocities, absolute positions and flux densities of maser spots in W Hya is available on request from the authors. Fig. 1 shows the cross-correlation OH main-line spectra of W Hya for the total flux density (I), the circularly polarized flux density (V) and the linearly polarized flux density (
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. Velocities are given with respect to the local standard of rest but the terms redshifted and blueshifted are used to describe velocities relative to the stellar radial velocity. The 1665-and 1667-MHz spectra cover velocity ranges of 9.5 and 14.0 km s ¹1 respectively, centred near the stellar radial velocity of 40.0 km s ¹1 . In both maser lines the extreme blue-and redshifted emission is left circularly polarized, but at intermediate velocities the emission is predominantly right circularly polarized. The integrated intensities over the V spectra at 1665 and 1667 MHz are 1.1 and 5.8 Jy km s ¹1 respectively. The linearly polarized emission occurs at an LSR velocity of about 36 km s ¹1 with peak fluxes of 0.08 and 0.27 Jy for 1665 and 1667 MHz respectively.
The overall structure of the OH main-line masers in W Hya is shown in Fig. 2 . The 1665-MHz emission shows quite different geometry compared with the 1667-MHz emission. The most striking feature is that the redshifted emission is concentrated in the southern portion of the envelope, while the blueshifted emission tends to be located in the northern portion of the distribution.
Contour maps of the total intensity emission at 1665 MHz are shown in Fig. 3 , where the origin is taken as the position of the 36.2 km s ¹1 component. The emission at the extreme blue-and redshifted ends of the spectrum comes from unresolved sources which are spatially offset by 0.42Ϯ0.03 arcsec. Individual pointlike components are present in most channels at intermediate velocities. In the velocity range from 36.3 to 38.4 km s ¹1 the maser emission arises from the western side of the envelope, whereas in the range of 39.0-43.7 km s ¹1 the emission is seen from the eastern side of the envelope. The maser components near velocities 36.7 and 43.4 km s ¹1 are clearly elongated along position angle ¹25Њ. Fig. 3 demonstrates that the distribution of the 1665-MHz maser of W Hya is intrinsically clumpy. Nevertheless there is a large-scale order in the distribution, from the west at redshifted velocities to the east at blueshifted velocities, which suggests a bipolar geometry of the envelope. ¹1 is displaced by about 0.2 arcsec south-west of the maximum of the I Stokes map. The peak of linearly polarized flux lies between the two oppositely circularly polarized lobes. The symmetry axis of these circularly polarized lobes has a position angle of about 65Њ. The observed x changes from 65Њ to 14Њ with the mean value of 42Њ in the emission centre. We conclude that the electric vectors on the near side of the OH 1665-MHz envelope are highly aligned.
The I Stokes maps for the 1667-MHz maser emission are shown in Fig. 6 . The extreme blueshifted emission centred at an LSR velocity of 33.9 km s ¹1 is unresolved. Although maps of the strongest 1667-MHz emission, from 35.1 to 36.4 km s ¹1 , are dynamic-range limited, the structure of emission is clearly extended. The OH emission at 36.7 km s ¹1 is dominated by 4 components which delineate a partial shell. At virtually the same place only two unresolved spots are seen in the two next channels. Low-level emission in the velocity range of 38.5-42.7 km s ¹1 has a structure of single spots or filaments preferentially located at the east and south-eastern sides of the envelope. The redshifted emission at 43.0 km s ¹1 arises from the south-eastern unresolved component. A similar structure together with extended western low-level emission is observed at 43.7 km s ¹1 . Emission at 44.4 km s ¹1 is composed of two extended components with their centres along the projected axis at position angle 62Њ. The redshifted maser emission is elongated along a nearly perpendicular axis at a position angle of about ¹40Њ. We note a remarkable
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᭧ 1998 RAS, MNRAS 297, 1151-1162 spatial segregation between the blue-and redshifted 1667-MHz OH emission. The circularly polarized emission (V Stokes) at 1667 MHz is displayed in Fig. 7 . A weak RHC spot is seen at the extreme blueshifted velocity despite the integrated emission being mostly left circularly polarized. The structure of the V Stokes maps in the velocity range from 35.0 to 37.8 km s ¹1 is very similar to that observed in the I maps and is dominated by RHC components. Low-level emission at intermediate velocities has a complicated polarization structure. The redshifted emission at velocities higher than 42.7 km s ¹1 is generally composed of two point-like components of opposite circular polarization, the 1154 M. Szymczak, R. J. Cohen and A. M 
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᭧ 1998 RAS, MNRAS 297, 1151-1162 (Fig. 8a ) and the circularly polarized intensity (Fig.  8c) . We note that the extent of circularly polarized components is greater than that of linearly polarized features. Near the emission centres, the position angles of the electric vectors x are 61Њ and 82Њ for 35.5 and 35.8 km s ¹1 respectively. The electric vector position angles are remarkably constant across the emission region on the near side of the 1667-MHz OH envelope. The positions and velocities of the linearly polarized features at 1667 MHz, and their position angles of polarization, are very similar to those seen at 1665 MHz. This observation implies a fairly well-ordered magnetic field in the circumstellar region.
Shell parameters
Composite diagrams of the absolute positions of total intensity OH components shown in Fig. 2 above illustrate that the 1665-MHz maser features, with the exception of those at the extreme low and high velocities, are clumped into two clusters each elongated in the north-south direction. The mean angular separation between these clusters, along a position angle of 90Њ, is 1.1 arcsec. The 1667-MHz total emission (Fig. 2b ) is distributed over a circular area about 3.5 times larger than that of the 1665-MHz total emission. There is a velocity discontinuity of the 1667-MHz emission along a projected axis at a position angle of ¹10Њ. Fig. 2b shows that only the blueshifted features are preferentially located in the northern part of the envelope, while only the redshifted components are clustered south of the centre. The overall distribution of maser features suggests that the two maser transitions occur in different parts of an axisymmetric envelope. ¹1 . The expansion velocity estimated from the maximum velocity range of 1667-MHz emission is 6.7 km s ¹1 , which is higher than the above value derived from the least-squares fit. The dashed curve in Fig. 9 shows the results of the best least-squares fit to the 1665-MHz data. The mean radius of the 1665-MHz maser shell is 0.70Ϯ0.15 arcsec, v e ¼ 4:2Ϯ1.2 km s ¹1 and v s ¼ 40:0Ϯ1.0 km s ¹1 . The expansion velocity estimated from the 1665-MHz profile is 4.4 km s ¹1 . The stellar velocity derived from the profiles at both frequencies is consistent with estimates from CO thermal lines (Young 1995) . Fig. 9 indicates that the OH data are poorly fitted by a thin, expanding shell model. It may suggest that the distribution of OH spots is intrinsically chaotic and that the envelope geometry may deviate from spherical symmetry. Alternatively, the 1667-MHz emission could be described as lying in a region of inner radius of 0.7 arcsec and outer radius of 1.3 arcsec with the corresponding velocities of 4.5 and 7.0 km s ¹1 . However, both models ignore the observed asymmetry between the blue-and redshifted features.
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᭧ 1998 RAS, MNRAS 297, 1151-1162 The overall distribution of the maser components in the V Stokes parameter with absolute brightness greater than 0.4 Jy beam ¹1 is shown in Fig. 10 . The structure of circularly polarized emission roughly resembles that observed in the total emission. At 1665 MHz there is a consistent spatial separation on the sky between RHC and LHC components; RHC emission emerges mainly from the northern parts of the envelope, whilst LHC emission comes from extreme southern regions. The 1667-MHz emission is dominated by RHC features scattered over the southern half of the diagram but all LHC components come from the south-easternmost portion and overlap RHC emission. Fig. 11 shows the distribution of maser features with m c > 50 per cent and brightness exceeding 0.25 Jy beam ¹1 . The redshifted 1665-MHz maser features mostly exhibit a strong fractional circular polarization. At 1667 MHz all LHC components with strong fractional polarization are found only in the southernmost regions of the envelope. A clear spatial separation between the northern RHC spots and the southern LHC spots seen in Fig. 11 for the 1667-MHz maser line is essentially identical to a segregation observed in the distribution of the V Stokes parameter components (Fig. 10) .
We detected linearly polarized components only on the near side of the envelope. The average position angles of the electric field vectors of 59Њ and 72Њ for the 1665-and 1667-MHz masers respectively ( (-1, 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, 24, 28, 36, 44, 52, 60 with the north-south separation angle between the RHC and LHC emission at both frequencies (Figs 10 and 11 ). This suggests that the OH maser regions of the envelope are permeated by a well-ordered circumstellar magnetic field. In order to deduce the strength of magnetic field we looked for maser features of close spatial coincidence and opposite circular polarization. We found one cluster of spots which is likely to be a Zeeman pair. There are four LHC and three RHC maser spots at 1667 MHz which coincide on the sky and appear in contiguous spectral channels. The main characteristics of these features are given in Table 2 . Fitting Gaussian curves to the data we estimated velocities of LHC and RHC components of 43.63 and 43.43 km s ¹1 respectively with the respective brightness of ϳ1 and ϳ2 Jy beam ¹1 . A splitting of 0.20Ϯ0.04 km s ¹1 at 1667 MHz corresponds to a magnetic field of strength of 0.57Ϯ0.06 mG. The magnetic field is directed away from the observer. Interferometric observations with a higher spectral resolution are needed to verify this estimate.
D I S C U S S I O N
Velocity structure
The present OH measurements and other observations of SiO and H 2 O maser lines from W Hya allow us to estimate the outflow velocity at four different radii in the circumstellar envelope.
Simultaneous observations of the two SiO maser lines at 43 GHz reveal that maser emission arises from a ring-like structure with a diameter of about 100 mas (Miyoshi et al. 1994 ) which is only 1.1 times larger than the size of the radio continuum measured at 22 GHz (Reid & Menten 1990) . The linear radius of the stellar disc R ¬ is about 5.2 au for an assumed distance of 115 pc. The SiO spectrum covers a velocity range of 13.9 km s ¹1 centred on 40.7 km s ¹1 (Miyoshi et al. 1994) . As the SiO emission arises very close to the central star, the SiO spectrum is likely to reflect a superposition of complex interactions between the pulsating stellar atmosphere and the surrounding dust-gas envelope, so that the kinematics of the SiO masers will not be well described by a simple radial outflow model. Long-term monitoring of the SiO masers in W Hya (Snyder et al. 1986; Martinez, Bujarrabal & Alcolea 1988) suggests that the lower limit of v e is about 2 km s ¹1 . The 22 GHz water emission has been mapped with the VLA at the two different 1158 M. Szymczak, R. J. Cohen and A. M 
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᭧ 1998 RAS, MNRAS 297, 1151-1162 epochs (Reid & Menten 1990; Bowers, Claussen & Johnston 1993) . In 1985 the mean radius of the 22-GHz H 2 O masers was about 0.12 arcsec and the expansion velocity, estimated from the maximum emission range, was 4.3 km s ¹1 (Bowers et al. 1993 ). In 1990 the mean radius of the H 2 O masers was 0.15 arcsec (Reid & Menten 1990) . Taking the average of these observations, the H 2 O masers are located at 15.9 au and the mean expansion velocity, calculated from the VLA spectrum (Bowers et al. 1993 ) and a single-dish spectrum (Szymczak & Engels 1995) , is 3.6Ϯ0.7 km s ¹1 . Fig. 12 shows the velocity field of the circumstellar envelope of W Hya. The values of OH velocities are averages from a thin-shell model approximation and the cross-correlated spectra. An outlier in the right upper corner of Fig. 12 illustrates CO data. The CO profile of W Hya at J ¼ 2 ¹ 1 transition indicates that the outflow velocity is 8.8 km s ¹1 (Zuckerman & Dyck 1986) . Measurements of CO lines at higher transitions showed a slightly lower velocity of about 8.0¹8.4 km s ¹1 (Young 1995) . The size of the CO shell was not directly measured, but using calculations by Kahane & Jura (1994) for the CO(2-1) line we were able to deduce a radius of 1.3-2:0 × 10 3 au. The thick curve in Fig. 12 is the best fit to the variation of v as a function of r taken from our observations and published data. Simultaneous observations of the maser emission of the three molecules are needed to examine the radius-velocity relationship more accurately.
There is a gradual outward acceleration in the envelope of W Hya. The value of the logarithmic velocity gradient, ¼ dlnv/dlnr, is 0.21 in the OH 1667-MHz maser region and increases to 0.25 in the region of the 1665-MHz masers. We obtain Ӎ0.4 in the H 2 O maser region and Ӎ 0:6 in the SiO maser region. Beyond the outer OH maser layers Յ 0:2. In Fig. 12 we plot the expansion velocity against distance for the model with a stellar mass M ¬ ¼ 1:2 M ᭪ , stellar luminosity L ¬ ¼ 10 4 L ᭪ , dust to gas ratio d ¼ 4 × 10 ¹3 and mass-loss rateṀ ¼ 2:3 × 10 ¹7 M ᭪ yr ¹1 (thin line) computed by Habing, Tignon & Tielens (1994) (see their fig. 5 ). The dashed line in Fig. 12 shows the velocity field calculated by Netzer & Elitzur (1993) (see their fig. 3c ) for the model with parameters like those in Habing et al. (1994) , but withṀ ¼ 3 × 10 ¹7 M ᭪ yr ¹1 . It is clear that the velocity gradients inferred from observations are considerably higher than expected from the classical approximation of momentum transfer from photons to gas via dust. A similar increase of expansion velocity was observed in the extended envelope of supergiant VX Sgr (Chapman & Cohen 1986 Figure 12 . Plot of the expansion velocity in the circumstellar shell as a function of the radial distance from the star in units of the stellar radius. Data from SiO observations (Miyoshi et al. 1994 ) are marked by a cross. The square indicates H 2 O data from Reid & Menten (1990) and Bowers et al. (1993) . that an increase in dust absorption coefficient k D as a function of distance from the star can produce the observed increase in expansion velocity of supergiant VX Sgr. We applied their method for the typical values of M ¬ = 1 M ᭪ , L ¬ = 10 4 L ᭪ , for W Hya. No allowance was made for the contribution of hot dust to the effective luminosity. At the distance of the 22-GHz H 2 O masers we found k D ¼ 1:3 cm 2 g ¹1 , which rises to 3.0 and 4.2 cm 2 g ¹1 in the regions of the 1665-and 1667-MHz masers respectively, reaching a maximum of 6.4 cm 2 g ¹1 at just over 1:5 × 10 16 cm. For supergiant stars k D was found to be 0.3-13 cm 2 g ¹1 (Chapman & Cohen 1986; Richards 1997) . It is possible that the surface properties change as the grains are annealed in the stellar wind, or as different species migrate to different sites on the surface. Some such processes leading to changes in the absorption efficiency of dust have been proposed (Henning et al. 1995; Ivezic & Elitzur 1995) .
The circumstellar magnetic field
The scarcity of completely circularly polarized maser components and Zeeman pairs in W Hya seems to be consistent with a similar trend observed in supergiants (Nedoluha & Bowers 1992; Szymczak & Cohen 1997) . A possible Zeeman pair at 1667 MHz indicates a magnetic field strength of ϳ0.6 mG at a radial distance of about 130 au from W Hya. Barvainis, McIntosh & Predmore (1987) used measurements of fractional circular polarization of SiO maser lines to infer that the strength of the magnetic field of the star is about 50 G. A more rigorous analysis by Elitzur (1996) provided arguments suggesting that their estimate should be scaled downward by a factor of 8, resulting in a field strength of about 6 G. If our estimate of field strength is correct then, for a dipole-type configuration (B ϳ r ¹3 ), the strength of the magnetic field at the stellar surface is about 9 G. This value is consistent with Elitzur's estimate. The present spectral resolution is only likely to have detected the largest Zeeman splitting in OH regions, so that the average component of the magnetic field, parallel to the line of sight, is somewhat less. In such a case the agreement between the two estimates could be even better. An alternative solar-type field (B ϳ r ¹2 ) would imply a strength of only about 0.4 G at the stellar surface. Therefore we argue that in the semiregular W Hya the magnetic field of dipole type is more probable than a solar-type field.
The present study shows that the linear and circular polarization of OH maser emission is a reliable guide to the circumstellar magnetic field. A distinct spatial segregation between RHC and LHC maser components in W Hya can be interpreted as a result of the transport of maser radiation in a well-ordered circumstellar magnetic field. Our observations do not indicate a consistent pattern of expansion velocities of strongly polarized components. This suggests that the mechanism proposed by Deguchi & Watson (1986) does not apply to W Hya, as this predicts that the separation of oppositely polarized components should reflect the regions of enhanced matching of velocity gradients. Instead, there is some indication of a dipole magnetic field in W Hya, so that the correlation of magnetic field and expansion velocity gradients could be quite widespread in the envelope, although it may be partly masked by the highly clumped and incomplete distribution of maser emission. This is consistent with the mechanism developed by (Cook 1966) to explain the appearance of strongly circularly polarized emission. Zell & Fix (1996) have demonstrated that this mechanism is sufficient to explain the morphology of circularly polarized emission in VX Sgr at 1612 MHz.
The distribution of oppositely circularly polarized components in the main lines of W Hya suggests a projected axis of the magnetic field along a north-south direction. This is consistent with the orientation of the magnetic field along the position angle of ¹20 Ϯ 20Њ inferred from the position angles of linearly polarized emission from the near side of the envelope. The angle of the magnetic field to the line of sight cannot be readily estimated from the present data. It depends on the specific model used for the transport of polarized maser emission. Recent calculations show that j components are propagated along the magnetic field lines (Gray & Field 1994; Elitzur 1996) . For the main-line OH emission a typical ratio of Zeeman splitting to the Doppler linewidth of ϳ0.1 allows maser propagation in a magnetic field aligned at an angle less than 35Њ to the line of sight (Elitzur 1996) . MERLIN maps of the 1667-MHz line show that the southernmost redshifted emission is strongly polarized. The blueshifted emission with m c >50 per cent is located towards the north. Thus for the above condition for maser propagation, the axis of the magnetic field should be tilted to the line of sight by an angle of 40-70Њ. This seems to be consistent with the overall distribution of the total emission, most of which appears to emanate from an oblate ellipsoid. The orientation of the magnetic field axis is drawn in Fig. 13 . In this scheme, the most red-and blueshifted features do not appear to come from the extreme points of the ellipse as seen from the observer. This could be caused by a faster outflow velocity close to the magnetic field polar axis than in the equatorial regions of the maser envelope. Additionally conditions may be less favourable for masing in the extreme polar regions, for example because the density falls too rapidly or acceleration is too high along the line of sight. Measurements of the proper motion of individual maser components will be an ultimate means to test this hypothesis. We note however, that the spatial distribution of strongly polarized components at 1665 MHz is not easily explained with the field orientation deduced from the 1667-MHz line. It is likely that there are some local structures in the magnetic field that may significantly depart from a globally ordered field.
It is interesting to note that the degree of linear polarization of the 1665-MHz emission is higher than that of the 1667-MHz emission, whereas the fractional circular polarization exhibits the opposite tendency (Table 1) . Such an effect is predicted when linearly polarized maser radiation propagates in the presence of Faraday 1160 M. Szymczak, R. J. Cohen and A. M. S. Richards ᭧ 1998 RAS, MNRAS 297, 1151-1162 Figure 13 . The orientation of the magnetic field axis in W Hya deduced from OH maser polarization measurements as described in Section 4.2. In (a) the x and y axes correspond to right ascension and declination, with the star at the origin. The z axis points straight into the page and the observer is located above the page. The arrow represents the magnetic field direction in the xy plane, at an angle of ¹20 Ϯ 20Њ to the y axis. R, B and Z are the approximate positions of the extreme red-and blueshifted masers and the possible Zeeman pair. The ellipses show the approximate extent of bright OH main-line emission. Thinner lines are receeding. In (b) the maser shell is viewed along the x axis, so that the observer is in the direction of O. The magnetic field direction in the yz plane is at an angle of 35 Ϯ 15Њ to the y axis.
Downloaded from https://academic.oup.com/mnras/article-abstract/297/4/1151/1033744 by guest on 07 April 2019 depolarization resulting from free electrons (Goldreich, Keeley & Kwan 1973) . None of the components listed in Table 1 is completely polarized (m t < 100 per cent). This aspect of maser emission, also observed in the interstellar maser source W3(OH), has been discussed by Garcia-Barreto et al. (1988) . If the observed polarized features are j components then the classical theory (Goldreich et al. 1973 ) predicts that their incomplete polarization is caused by the Faraday effect in the maser regions and resonant trapping of infrared photons that allows the relaxation of population differences among the magnetic sublevels. Furthermore, the present data demonstrate that changes of the orientation of the electric field vectors between neighbouring spectral channels are higher for the 1665-MHz line than for the 1667-MHz line. Because the 1665-MHz emission arises from regions interior to the 1667-MHz maser, we interpret those differences as a result of a weak Faraday effect. The position angle for the linear polarization of incident polarized emission traversing the region of length l would rotate by an angle w ϳ n e B k l (Garcia-Barreto et al. 1988) . Here B k is the parallel component of magnetic field and n e is the electron density. Adopting the magnetic field of strength of 0.6 mG at distance of 130 au with a dipole configuration and comparing the average position angles x for both maser lines given in Table 1 we obtained n e Յ2 cm ¹3 . This is the first direct estimate of the electron density in any evolved molecular circumstellar envelope. The electron density of a few cm ¹3 makes the electrical conductivity of the circumstellar material, with a neutral density of ϳ10 5 cm ¹3 , high enough to freeze the magnetic field into the outflowing gas (Kaplan & Pikel'ner 1970) .
For the measured values of r OH =130 au, v e ¼7 km s ¹1 and the assumedṀ ¼ 1 × 10 ¹7 M ᭪ yr ¹1 we found that the neutral gas density is 1:4 × 10 5 cm ¹3 . Recent ISO observations resulted in two different estimates of the mass-loss rate for W Hya. Neufeld et al. (1996) reportedṀ ¼ 0:5-3 × 10 ¹5 M ᭪ yr ¹1 , while Barlow et al. (1996) argued thatṀ ¼ 6 × 10 ¹7 M ᭪ yr
¹1
. Using the Netzer & Knapp (1987) relation between OH radius anḋ M we foundṀ ¼ 2-3 × 10 ¹7 M ᭪ yr ¹1 for our measured size of OH shell. This value is consistent with the value used above, while the highest value ofṀ can be completely excluded. For the model with the gas density n Ӎ 5 × 10 5 cm ¹3 and the gas temperature T Ӎ 200 K (Collison & Nedoluha 1993) at the distance of 130 au, we deduce that the pressure of a magnetic field (B 2 ) of strength of 0.5 mG is of the same order as the thermal pressure (nkT). Thus, the magnetic field has a non-negligible effect on the dynamics of the outflow. We suggest that a weak bipolar outflow in W Hya is consistent with a view that mass loss may be magnetically controlled. Further observational and theoretical efforts are needed to verify this supposition.
Comparison with other observations
The OH masers from W Hya have been studied with MERLIN near minimum light (phase 0.5) in 1984 (Chapman et al. 1994) . The spectra in 1996 January provide evidence for the dramatic changes in the shape and intensity of both masers compared with Chapman's data, although the optical phase was ϳ0.55. The present data show considerable emission at velocities higher than 40 km s ¹1 . Furthermore at 1667 MHz a new feature with a peak velocity of 33.7 km s ¹1 has appeared. Early single-dish observations also showed doublepeaked spectra (Wilson et al. 1972) . One of the interesting characteristics of the 1667-MHz emission from W Hya is that the blueshifted complex exhibited strong RHC polarization in 1970 and 1996, but in 1984 this complex was dominated by LHC emission.
Variable polarization characteristics of circumstellar masers may reflect changes in the stellar magnetic field.
Previous MERLIN measurements showed that the strongest 1665-MHz emission was distributed within an area of 0:2 × 0:08 arcsec 2 . The present maps are of much higher sensitivity and show a much wider distribution of 0:7 × 0:7 arcsec 2 . A similar trend is observed for the 1667-MHz emission. At 1667 MHz we detected several blueshifted spots in the eastern side of the envelope unseen in Chapman's 1984 maps. A few north-western features with velocities of 35.7¹36.6 km s ¹1 seen at epoch 1984 may be the same as observed in the present maps. However, the relative displacement of those spots implies a transverse expansion velocity of about 16 km s ¹1 , which seems to be inconsistent with the radial expansion velocity estimated in Section 3.2. Important changes in the distribution of maser spots between the two epochs suggest an intrinsically clumped and irregular appearance of the main-line emission. Also, maser amplification in the inner circumstellar regions tends to exaggerate even slight density and velocity contrasts between the poles and the equator of the envelope. This behaviour can be common for Mira-like stars and hinders an accurate determination of envelope geometry and kinematics. Maps of the H 2 O masers in W Hya do not allow a distinction between a toroidal and spherical envelope model (Reid & Menten 1990) . We note, however, that almost all strong water maser components in the VLA maps are elongated in a direction approximately orthogonal to the axis of the velocity discontinuity observed in the 1667-MHz maser distribution.
A non-spherical outflow is rather unusual among red giant stars. Bowers & Johnston (1988) observed a velocity discontinuity in the spatial distribution of OH masers in the peculiar Mira variable U Ori. They proposed a model of a spherical shell with a constant expansion velocity in which OH emission arises in asymmetric density concentrations. Also, in W Hya, the blueshifted-redshifted velocity gradient appears to be caused by density enhancement towards the equatorial plane which is tilted to the line of sight. Such geometry of the circumstellar envelope of W Hya, supported by our measurements of magnetic axis direction and spatial separation of oppositely polarized maser spots, is likely to be due to the influence of a bipolar magnetic field on the mass loss.
C O N C L U S I O N S
MERLIN full polarization maps of the OH main-line masers in W Hya have shown that the maser emission comes from an incomplete shell. The average distances of the 1665-and 1667-MHz masers from the star are 80 and 130 au respectively. There is a velocity discontinuity in the 1667-MHz emission along an approximately north-south axis. The 1665-MHz emission forms two elongated clusters well separated in velocity. The velocity gradient and the overall distribution of maser components suggests that the emission is contained in a weak bipolar outflow or a tilted circumstellar disc. The spatial structure of circularly polarized emission shows a clear separation between the northern RHC emission and the southern LHC emission, suggesting a globally ordered magnetic field. The strength of the circumstellar magnetic field at the location of the 1667-MHz maser, deduced from a possible Zeeman splitting, is about 0.6 mG. The orientation of electric vectors of linearly polarized components indicates that the projected angle of magnetic field on the plane of the sky is about ¹20Њ. Changes in the polarization characteristics of the maser components from the near side of the envelope probably result from a weak Faraday effect, suggesting an electron density of Ӎ2 cm ¹3 . The velocity field in the
